ABSTRACT Fra-2, one of the Fos-related antigens, is promptly expressed after the growth stimulation of fibroblasts,
INTRODUCTION
A growing body of evidence indicates that protooncogenes c-fos and c-jun play important roles in cellular growth and differentiation. The protein products of c-fos and c-jun (c-Fos and c-Jun, respectively) function cooperatively as transcriptional regulators in a heterodimeric complex (1) (2) (3) (4) (5) . c-Jun, unlike cFos, also forms homodimers, although these are less stable than Fos/Jun heterodimers. The dimeric complexes interact with activator protein-I (AP-1)-binding sites (TGACTCA) to regulate transcription (6) (7) (8) (9) (10) . Dimerization of Fos and Jun is mediated by the leucine zipper structure (11) . Dimer formation results in the juxtaposition of conserved basic regions of each protein that form a bipartite DNA binding domain (12, 13) .
To date, several related genes of these protooncogenes have been reported; fra-1 (14, 15) , fosB (16) andfra-2 (17) (18) (19) as fos-related genes and junB (20) and junD (21, 22) as jun-related genes. Among the same family, the gene products share common biological functions; however, they are also expected to have distinct functions as was shown by comparative studies between c-Jun and JunB (23, 24) . Fra-2 was initially detected as a serum-inducible Fos-related antigen (17) . The induction peak of this immediate-early gene product is later than that of c-Fos. Unlike c-Fos, Fra-2 is synthesized at a low level even in growth-arrested chicken embryo fibroblasts (CEF) or logarithmically growing CEF (17, 19) . We have molecularly cloned the gene from chicken genomic library. Overexpression offra-2 gene, like c-fos gene (25, 26) , caused cellular transformation of CEF (17) . Although Fra-2 was shown to form a complex with c-Jun in vivo, its biochemical properties are poorly known.
In this study, we firstly clonedfra-2 cDNA and demonstrated its biochemical properties in vitro, such as dimer-forming activity with Jun family proteins and specific DNA-binding activity to AP-1 sites. We next examined the transcriptional regulatory function of Fra-2 using transient transfection assay in a mouse embryonic carcinoma cell line, F9 . The results will be compared with those for two other Fos family proteins, c-Fos and Fra-1.
MATERIALS AND METHODS Library screening
We constructed a chicken cDNA library in XgtlO using 5 (17) . From 31 positive clones, several long inserts were subcloned into pUC 1 18 plasmid. From two X clones (X004 and X030), the entire coding sequence of fra-2 cDNA was inserted into pSP64 in the sense orientation to generate pSP-Fra-2. By nucleotide sequence analysis using the dideoxynucleotide chain termination method, the entire coding sequence was shown to be identical to the sequence that had been predicted from thefra-2 genomic DNA analysis (17) and the deduced amino acid sequence has a strong homology (87%) to human Fra-2 protein (18) .
Plasmids pSP-c-Fos(rat), pGEM-c-Jun(rat) (10) , and pSP-Fra-l(rat) (15) were kindly provided by Dr. T. Curran. pGEM-junB(mouse) and pGEM-junD(mouse) were generous gifts from Dr. D. Nathans (20, 22) . Plasmids containing chimeric genes between c-fos and fra-2 were constructed as follows. The c-fos gene was first mutagenized to create a BamHI site in the coding region (nucleotide position 556-561 according to the numbering described in 27), which resulted in no substitution of the encoded amino acids. For this purpose, the EcoRI-XhoI fragment of cfos (rat) cDNA was blunt-ended, ligated to XbaI linkers, and cloned into the XbaI site ofpUC 1 19 to generate a parent plasmid.
The plasmid was hybridized with mutated oligonucleotides, and mutagenized as described previously (28) . A clone that generated the BamHI site was isolated and named pUC-c-fosM1. The XbaIBamHI fragment of pUC-c-fosMl which contains the N-terminal portion of the c-fos coding region and the BamHI-XbaI fragment of pSP-Fra-2 which contains the C-terminal portion of thefra-2 coding region were isolated. These fragments were cloned into the XbaI site of pSP64 in the sense orientation to generate pSPFosF2. The SalI-BamHI fragment of pSP-Fra-2 and BamHI-XbaI fragment of pUC-c-fosM1 were ligated to BamHI-XbaI fragment of pSP64 to generate the reciprocal construct, pSP-F2Fos.
For the construction of expression plasmids, EcoRI-XhoI fragment of c-fos (rat) cDNA was blunt-ended, ligated to XbaI linkers and cloned into the XbaI site of the RSV promoter expression vector pRSV-2 (29), kindly gifted by Dr. K. Ozato, to generate pRSV-c-Fos. EcoRI-EcoRI fragments of pGEM-cJun, pGEM-junB and pGEM-475-junD, as well as EcoRI-XbaI fragment of pSP-Fra-1 were isolated. Each fragment was bluntended, ligated to SalI linkers and cloned into the SalI site of pRSV-2. These expression plasmids were designated as pRSVc-Jun, pRSV-JunB, pRSV-JunD, and pRSV-Fra-1, respectively.
The SalI-SalI fragment of pSP-Fra-2, the XbaI-XbaI fragment of pSP-FosF2 and the SalI-XbaI fragment of pSP-F2Fos were also cloned into pRSV-2 in the sense orientation to generate pRSV-Fra-2, pRSV-FosF2 and pRSV-F2Fos, respectively.
To construct the reporter chloramphenicol acetyl transferase (CAT) plasmid used in the transfection experiments, we first constructed a starting plasmid designated proCAT. The Hind-7-Hind-7 fragment of CAT gene (CAT GenBloc (Pharmacia)), the HpaI-BamHI fragment of pSVOCAT (30) (containing SV40 polyA signal) and the BamHI-Hind-7 fragment of p55C1 (31) (containing 3-interferon promoter, a kind gift from Dr. T. Taniguchi) were isolated. These fragments were ligated to the PvuII-Hind-7 fragment of pUC19 to generate proCAT.
The reporter CAT Sixteen to twenty hours after transfection, cells were washed twice with DMEM and incubated in DMEM containing 10% FBS for 1 day before harvest. Cell lysates were prepared as described previously (30) upon addition of unlabeled probes as competitors. Furthermore they were not competed out by the mutated FSE2 probe (32) that has two nucleotides conversion in the AP-1 site (data not shown).
Control experiments indicated that c-Jun alone does not form a specific band under these assay conditions (Fig. 3A and our  unpublished results) .
We also tested other DNA probes containing an AP-1-like sequence (one base insertion) that is located in the 5'-flanking region of the chicken c-jun gene and a representative cAMPresponsive element (CRE) sequence in the rat somatostatin gene. All of these three complexes were shown to bind to these probes with reduced affinity compared with the binding to the representative AP-1 sites (Fig. 3B) . Nucleotides containing these AP-l like sequences competed the shifted bands of Fig. 3A less effectively, when added to the reaction mixtures instead of homologous competitors (data not shown). Fra-2/JunB and Fra-2/JunD also have an activity to bind these representative AP-1 sites or these two related sequences (data not shown). Even using more sensitive conditions of gel shift assay, we never observed any specific binding by Fra-2 alone, or Fos plus Fra-2, or Fra-1 plus Fra-2 (data not shown).
Effect of Fra-2 on transcription from a promoter with an AP-1-binding site The in vitro analysis described above failed to reveal any differences between Fra-2 and other Fos family proteins in their ability either to form a heterodimer with Jun proteins or to bind AP-1 sites as the heterodimer. Since Fos plus Jun transactivate the transcription from a promoter with an AP-1 site much more effectively than Jun alone does, we next examined the effect of Fra-2 on the transcription using transient expression experiments in F9 embryonic teratocarcinoma cells. As a reporter plasmid, we constructed pcolTRECAT, which has an AP-1 site from the collagenase gene just upstream of the TATA box from the 3- To demonstrate whether this inhibitory effect of Fra-2 and Fra-1 could be observed in conjunction with other Jun family proteins, similar experiments were performed by substituting JunB (Fig. 4B) or JunD (Fig. 4C ) for c-Jun. When the transactivation by c-Jun, JunB or JunD homodimers was compared before analyzing the effects of Fos family proteins, Jun was shown to be the most potent transactivator (compare Fig. 4A and B, C). JunB and JunD showed only a weak activity to enhance the transcription from the reporter CAT gene.
When expression plasmids of Fos family proteins were added with JunB expression plasmid, again a clear difference was detected between Fos and its related antigens. Cotransfection with c-Fos enhanced the transactivation of JunB drastically, as described previously (24), while CAT production by Fra-2 plus JunB or Fra-1 plus JunB was kept at as low a level as with JunB alone (Fig. 4B) .
We next cotransfected expression plasmids of these three Fos family proteins with JunD expression plasmid. c-Fos enhanced the transactivation by JunD drastically, as was the case with cJun or JunB. Interestingly, both Fra-1 and Fra-2 also stimulated the activity, though their stimulatory effects were reproducibly lower than that by c-Fos (Fig. 4C, and unpublished results) .
These results indicate that both Fra-2 and Fra-I can modulate transactivation by Jun family proteins either stimulatively or suppressively, depending upon the partner in the heterodimer. Analysis of chimeric proteins between c-Fos and Fra-2 There was clear difference between c-Fos and Fra-2 in their effects on the transactivation by c-Jun (Fig. 4A) . c-Fos drastically enhanced the activity, while Fra-2 inhibited it. To analyze whether the distinct behavior of Fos and Fra-2 could be attributable to specific regions of each protein, we next prepared two chimeric constructs, which are mutually reciprocal (Fig. 6 ). The Nterminus of the basic domain was used as the junction site of recombination. These two chimeric proteins F2Fos and FosF2 were synthesized in vitro. Both proteins formed stable complexes with all of the three Jun family proteins and the resultant heterodimers could bind efficiently to AP-1 sites (data not shown).
The expression plasmids of these chimeric proteins were cotransfected with Jun expression plasmid and their CAT productions were determined. When their CAT activities were compared with that of c-Jun homodimer, F2Fos inherited the stimulative effect from c-Fos protein, while FosF2 behaved more like Fra-2 (Fig. 6) . From these results, we conclude that the difference of properties between Fos and Fra-2 is mainly derived from the C-terminal half of each protein, though there might be small contributions from the N-terminal sequence of each protein.
DISCUSSION
In this study, Fra-2 protein was shown to bind specifically to AP-1 sites in vitro after forming a stable complex with c-Jun, JunB or JunD. Fra-2/c-Jun complex binds four DNA probes containing AP-1 or AP-1-like sequences with a similar affinity to that of c-Fos/c-Jun or Fra-1/c-Jun. Using a reporter plasmid that contains a single AP-1 site of the collagenase gene, Fra-2 was shown to have either a suppressive or a stimulatory effect on the transactivation by Jun family proteins: Fra-2/c-Jun suppresses, while Fra-2/JunD transactivates. This transcriptional regulatory potential is different from that of c-Fos, which stimulates the transactivation by all three Jun family proteins (9, 24, 36) . We detected no qualitative difference between Fra-2 and Fra-1 in their transcriptional regulatory potentials. This difference in properties between c-Fos and its related antigens would greatly expand the regulatory potential of the Fos family proteins. It remains to be established whether the regulatory pattern of the matrix between Fos and Jun proteins observed at the AP-1 site of the collagenase gene would also be applicable to AP-1 sites from other genes.
Recently transcriptional activity of another Fos family protein, FosB, as well as its truncated form, AFosB, was reported (37) . Although FosB behaved like c-Fos, AFosB interestingly had lost the ability in transfection assays to activate a promoter with the AP-1 site of the collagenase gene in combination with any of the three Jun family proteins. It is noteworthy that the inductions of Fra-1 (14), Fra-2 (17), and AFosB (37) The divergence of regulatory activity produced by the combination of Fos and Jun family proteins provides an explanation for the fact that the stimuli-dependent response of a set of genes is controlled by a simple AP-1-binding site DNA sequence. Therefore, precise description of the components of 'AP-1' is essential for understanding the transcriptional regulatory function of this transcription factor in tissues or cell cultures.
